• The dispersion or smearing out of a bolus of T 1824 injected into the bloodstream continues to be of interest to the physiologist. Considering the curve of distribution of transit times of injected dye through the lesser circulation, how will this curve be distorted by the necessary act of sampling blood from the aortic outflow through a long tube? In a previous paper, 1 experiments were described which attempted to gain an understanding of some of the physical factors that might affect the amount of distortion. To simulate the dispersing action of the circulation, dye was injected at the inflow of a physical labyrinth consisting of a large tube filled with glass beads. The distorting effect of a sampling tube was then studied by investigating the dye curves obtained at the outflow with and without a small seriesconnected sampling tube representing the catheter. Since it is the catheter that produces the distortion, the dispersing effect of it alone was investigated by studying the washout of a small bolus of dye introduced into the tube and swept out by the perfusion medium, which in all cases was sucrose solution. Experimental results were compared with a theoretical analysis based on the washing out of labeled material by an ideal fluid in which flow is laminar.
When the experiments were extended to include blood, the distortion effect seemed to be very similar to the distortion occurring with the aqueous medium alone. However, it was not possible to extend the blood studies to include the washout of dyed blood through small cylindrical tubes. Furthermore, techni-cal difficulties prevented successful experiments from being performed, even with sucrose in tubes of less than 3.7 mm. internal diameter. Further investigation has led to technical improvements which permitted blood to be studied, and tube internal diameters have been reduced to less than 2 mm., the approximate size of some catheters. The results demonstrate the similarity in the dispersing effect of blood and of aqueous perfusion media and confirm the similarity in the distortion effects observed with the two media in the glass bead systems. Agreement of experimental results with the idealized theoretical laminar flow model was fair but less satisfactory in the smaller tubes, suggesting the presence of some turbulent components in the flow.
Methods
As in the earlier study, 1 the perfnsion fluid flowed from an elevated reservoir through the experimental system. In the glass tube experiments, a uniform bolus of T 1824 was deposited in the lumen of a cylindrical system consisting of a glass tube and a stopcock-like insertion device made of lucite. The device consisted of a square block containing a large tapered hole and a closely fitting tapered plug. A small central hole the same size as the glass tubing was drilled transversely through the plug. The glass tubing was connected to the block on both sides so that when the plug was eoii-ectly turned, the tubing and the central hole formed a continuous cylindrical channel. The bore of the hole in the plug wns drilled to the same diameter as the tube and precisely aligned with it by careful machining. The system was filled with perfusion medium and, with the medium stationary, by rotating the plug 90 degrees, it was possible to introduce the dye bolus into the small hole in the plug through a port drilled in the block. The plug was then turned 90 degrees back to align the bolus with the system. By careful acceleration of fluid to avoid turbulence, the bolus was washed out, and serial samples were collected at the system outflow in
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volumetrically calibrated centrifuge tubes. Dye concentration was then determined by standard spectrophotometric methods.
The tube employed in these studies was 135 cm. long with an internal diameter of 1.85 mm. It was thus considerably smaller in diameter than those previously used. The hydrodynamic resistance in the outflow is iisually large enough to requiro considerably higher pressure difference between the lumen of the insertion device and the atmosphere. For this reason, a simple minernloil seal is insufficient to prevent leakage through the space between the plug and the conical hole. TCnch end of the plug was therefore provided with nn "O-ring" seal. The conical hole in the block had previously been obtained by heating a conical steel mandrel which was then pressed into the block to produce an opening to match the tapered plug. In the present work, the block was bored to an approximate matching internal taper before the mandrel was used. (In some cases, better results were obtained after machining by grinding the mandrel in the lathe with a high-speed grinder.) An improved rotational stop was developed to permit precise reproduction of the alignment of the central hole and the tubing. Our early fear that grease in the space between the plug and the conical hole would necessarily occlude the central hole in the plug wns apparently unjustified. In some cases, a very light application of thin vaseline was used with no evidence of a disturbing effect. However, in one case, eddying of dye in the tube was thought to be related to a tiny mass of excess grease protruding into the lumen of the system.
When such small glass tubes are used, the system volume ia scarcely greater than 3.5 cc. As a result, all volumes are correspondinplv sealed down, and it is necessary to collect small samples at the outflow, usually only 2 drops each for the earliest samples. Small, lightweight glass vials were marked and tared on an analytical balance. These vials were set up on a turntable, and after samples were directed into them, the weights of the samples could be determined gravimetricallv. Bv adding known volumes of saline or other diluent, it was possible to dilute the samples to volumes lai-ge enough to permit determining optical densities by standard methods. This required high concentrations of dye. In the blood studies it was found possible to increase this concentration to 20 mtr./ce. of dyed plasma without evidence of serious hemolysis of erythrocytes. Before experiments with blood were tried, a series of experiments was performed with commercial 6 per cent dextran (Abbott), the dye being made up in this medium and diluted with small volumes of water to obtain the correct density. In the blood experi- Butt joint device A and trmisiUuminating device B employed in visualising a dye bolus in floiving blood. ments hematocrita were determined by spinning samples of blood in capillary tubes with a highspeed electrical centrifuge. Tight packing of cells was verified by the translucenoe of the packed cell column.
In the earlier experiments dye solutions tended to be heavier than water. The densities of the two media were matched by adding sucrose or dextran to the water. Since flow occurred horizontally, it was possible to adjust the density until the "spear," representing the advancing parabolic dye front, did not rise or fall. With blood the spear could not be visually observed directly in the tube. A butt connection (fig. IA) was formed between the terminal end of the glass tube and a short length of clear vinyl plastic tubing. A portion of the plastic tubing was held flat by compression between two plastic blocks (fig. IB). With this device it was possible, by transilluminating the tube, to observe the emergence of the dye spear at the outflow nnd to verify that it had remained on the tube axis. Because this device might disturb the flow pattern, comparative experiments using dextran solution were performed with and without the device. These yielded essentially identical results.
A density mutch was obtained between labeled and unlabeled blood by adjusting the percentage of cells in the bolus of dyed blood. Labeled blood was layered over vmlabeled blood in a Wintrobe hematoerit tube, and the tube was then turned on its side. The hematocrit of the labeled blood was adjusted by adding plasma or cells until the intei-face between the two layers remained stable after the tnbe had remained on its side for a minute or two. In some instances, however, final adjustment was made by actual observations of the rising or Theoretical curve (solid line) and experimental points (circles) for samples collected at the outfloiv of a cylindrical tube perfused with an aqueous medium. Tube diameter 1.S5 mm., length 135 cm.
fulling of the dye spear itself. "Usual care was employed to avoid sedimentation of cells in the blood while it was standing in the reservoir between trials for balance. The dye bolus was deposited in the system as quickly as possible to prevent sedimentation in the apparatus during the period of this initial operation.
All experiments were performed on fresh dcfibrinated canine blood obtained from fasting donors, anesthetized with peutobarbital. Animals were examined for filariasis after exsanguination by inspecting the hearts and by examining stained smears of the blood. After samples were collected in the vials, they were diluted, decanted, and briefly centrifuged. T 1824 determinations were performed on the supernatant. All optical densities were determined at a wave length of 620 H1/. 1. Occasional data which showed visual evidence of hemolysis were discarded.
Expeiiments on the flow of blood through glass l>ead systems were performed in the same manner as in the previous study. 1 The blood samples were sufficiently large to be handled in graduated centrifuge tubes by standard methods. 2 Dyed plasma (1 cc. in some experiments, 2 cc. in others) wns injected at the system inflow using a syringe and needle. In all cases, results for an experiment without a series tube-experiment 22, for example -were compared with those in which a series tube was used (experiment 22C.) The system used was usually the same as that employed previously with 3-inm. beads and a system volume of 50 ml. However, in two experiments (15 and 16), 5-mm. glass beads were used in a tube 113 cm. long and 19 mm. internal diameter. The volume of fluid in this system was 129 ml.
Since in most practical cases only a fraction of the sampled blood will flow through the sampling tube, this case was also investigated. In experiments 21C and 22C, blood was sampled through a small tube 79 cm. long and 0.86 mm. in diameter. The sampling tube volume of 0.5 cc. was chosen to be 1/10 as great as that of the sampling tubes used in the previous experiments. Flow was adjusted so that approximately 1/10 of the total outflowing blood came through the sampling tube, the rest being collected through a very short tube at the outflow and then discarded after measuring that total volume. The sampling tubo entered the exit tube at the side through a very short T connection and lay in the outflowing stream, being sealed in place by a short cuff of small-bore rubber tubing. In experiment 21C the fraction of blood obtained through the small tube was 0.094; in experiment 22C it was 0.10S. In experiments 21 and 22 the data were obtained in the same manner as in the other experiments in which the outflow from the system was sampled directly with no intervening tube. In both sets of experiments, the volumes of blood obtained through the small sampling tube were too small to permit direct measurement in the centrifuge tubes. In experiment 21 the volume of each sample was estimated by hemolyzing the erythrocytes and determining the hemoglobin spectrophotometrieally at 5S0 ni/x. Calibration was obtained from the mean of a series of determinations on 0.5-cc. simples of the same blood. In experiment 22 the sample volumes were obtained gravimetrically. Figure 2 shows a typical comparison between theoretical and experimental results for the aqueous system. The theoretical relation, shown as a solid curve, was derived in the previous report. 1 In these experiments where the outflow is collected in receptacles, the contribution of dye which each elemental flow lamina in the stream makes to the collected sample will depend not only on its concentration, but also on its rate of flow. In other words, it is the product of these quantities or the dye flux at the output which determines the dye curve. This assumption and the assumption of laminar flow have both been made in the derivation. The ordinat? F ( T ) represents the fraction of dye emerging: per unit T in the interval between T and T + dr. The abscissa T is the fraction of system volume displaced. Thus, if the system volume were 3 cc. and 1 cc. had been collected at the fig-2 ).
Results
Kesults for bloods showing the theoretical curve (solid line) and experimental points (circles) (see
outflow, T at that point would be 1/3. Theoretically F(r) rises suddenly at T = % as the nose of the dye spear arrives at the outflow and descends according to the relation 1/(2 T 2 ). In the present, more recent results in smaller tubes, there is often a significant difference between the experimental results and the theoretical curve. The experimental points may rise more slowly to a rounded peak and may not, in general, follow the theoretical curve until T •-1. In some instances oscillations about the theoretical curve may be seen. Figure 3 shows our "best" result for blood, selected from a series of data which generally exhibited similar variations to those for the aqueous system. Generally speaking, little if any significant difference was found between blood and aqueous media. Figure 4 shows a typical result for blood obtained in a glass bead system. The circles are for the outflow from a bead column alone (experiment 19). The same figure shows the modification (solid squares) produced, by adding a series tube at the outflow (experiment 19C).
Numerical Evaluation of Results
In these and the previous experiments, it was shown that the effect of a small sampling tube was to produce a lateral shift of the dye curve to the right. In general, then, we will Dye curves from a glass bead system perfused with blood (experiment 19). Circles are for the bead system alone, solid squares are the points obtained after connecting a sampling tube to the outflow.
be concerned with the shift A of each curve relative to the origin. Since dye is randomized both in the physical and in the physiological labyrinths by a statistical process, the theory of random walks has been applied to the description of dye curves. 3 ' 4 When the quantities T and F(T) are used, the only parameter which is required to characterize the curve is K, the randomizing constant, which describes the randomizing power of the labvrinth. In the case of the glass bead column, where this approach has definite merit, 1 K depends on the size of the beads which produce the randomization of the dye. Thus, in the present study, we evaluate the results by comparing K and A of dye curves obtained with and without the series tube at the outflow. Determinations of these parameters in the earlier studies had been performed without the aid of a digital computer. Curves of different K and A were fitted semiempirically, and the sum of squares of the deviations of the experimental points from a given curve was used as a criterion for goodness of fit. In the present study, fits were made by computer procedures using an IBM 1620 machine. The programming was essentially the same as that used in a recent study of dye curves from this laboratory. 6 Although somewhat better fits have been obtained by machine methods (lower sums of squares), the earlier dat-a on aqueous systems remain sufficiently good for comparison purposes. Results for blood are presented in table 1. As previously noted, in experiments 21 and 21C, 22 and 22C, when a sampling tube was used, only a fraction of the blood emerging from the glass bead system was withdrawn through it.
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In fitting the theoretical curves, parameters chosen were K and A. To convert dye readings to F ( T ) , the vertical scale factor v was used. Although it could have been chosen to make the area under the curve equal to one, it was felt that it should properly be determined as part of the least-squares procedure. However, the values of v thus obtained yield areas quite close to those obtained by direct numerical integration of the curves with the computer. We have already noted the hazard of including an arbitrary horizontal scale factor in the fitting process. 6 Since the actual collected volumes were di-rectly determined and since the system volume was known, direct conversion to T units can be made by dividing cumulated volume of samples by the system volume.
If the effect of a sampling tube is to shift the curves to the right, then the A for a bead column experiment performed with the tube would be significantly greater than the A for an experiment without the tube. In search of this and other significant trends in the data, the values of K and A were analyzed statistically. It was of interest to compare the results with those of the previous report, and thus an analysis was also made of the first 12 experiments from that series. These were the experiments with and without a sampling tube but performed without a turbulent mixing device. Since it had been found difficult at times to match flow rates in comparing the effects with and without sampling tubes, a test was made of the data in a search, for any possible significant effect of flow rate. Possible significant differences were also investigated between the results with larger and smaller beads in the blood experiments. Another object of the analysis was to determine whether the experiments with the side tube showed any significant difference compared to those with straight-through sampling.
Data for the blood and aqueous experiments were pooled, and an analysis of variance was performed on the K'S. Analyses were also done on the A's for blood and aqueous medium and for blood alone, and at the same time a parallel covariance analysis was conducted on the flow rates. Sums of cross products were obtained between the flow rates and the K'S or A's. It was thus possible to obtain residual cross-product sums. From these sums estimates were obtained of the basic sums of squares due to regression of the K'S or A's on flow rate. In all cases no significant flow rate effect could be found. We conclude, therefore, that imperfect matching of flow rates does not invalidate comparison of experiments with and without a sampling tube, and blood analyses and aqueous analyses were conducted to compare the K'S or A's for experiments with and without sampling tubes. In the straight blood analyses three categories of experiments were considered : small beads with side tube, small beads with serial tube, and large beads. The results indicated that two of the experiments (experiments 17 and 17C) differed significantly from the remainder in the values of K. Therefore, these two experiments were removed from the series in further analysis. The mean value of K obtained for the small beads was 0.2657 and for the large beads 0.2245. These differ at a high level of significance (P < 0.01). It was not possible to analyze all blood and aqueous results together because of the disproportion of the data. However, the overall mean value of K for blood, excluding experiments 17 and 17C, was 0.248. For water it was 0.266. The values differ significantly, but this difference is undoubtedly the result of the use of semiempirical curve-fitting methods in the aqueous case. Certainly the difference is rather small. If the data from experiments 17 and 17C had been included, less than a 1 per cent difference would have been obtained, but this comparison is not considered valid. At present no explanation for the discrepancy of experiments 17 and 17C is at hand.
Similar analyses and comparisons were
Circulation Research, Volume XI. September 1961 made in the case of the A values. As expected, the values differed very significantly between the experiments with the sampling tube and experiments without the tube. Significant differences in the A's were again seen between the blood and aqueous systems, but, as before, they were quite small and in all probability attributable to the difference in curve-fitting methods. Analyses were made on the differences between the A's obtained Math and without the sampling tube (col. 6, table 1), and these showed no significant treuds or significant differences between blood and aqueous experiments. The overall mean for blood was 0.063 and for the aqueous experiments 0.078. For blood the conclusion is the same as it was for the aqueous perfusion media: The principle effect of a sampling tube is to produce a horizontal shift in the dye curve with little effect on K. Blood and aqueous media both have the same quantitative effect in this series of experiments within the limits of precision of our method.
Discussion
In the earlier discussion, 1 results with sucrose solution in glass bead systems were compared with a theory snowing fairly satisfactory agreement for tubes whose volume was of the order of 10 per cent of the labyrinth volume. In further extending these observations to blood, satisfactory agreement was obtained, but the results had little meaning without parallel studies of the behavior of a bolus of labeled blood in the simple tubular system. Furthermore, in the earlier work it had not been possible to pursue these studies in tubes with internal diameters approaching typical cardiac catheter diameters. In the earlier study it was shown theoretically that the response of the sampling tube to an entering dye bolus should not be of the 1/(2T-) type. If the concentration is uniform over the entering cross section, the central laminae, having higher flow velocities, will carry more label into the tube than the slower peripheral ones. This weighting effect at the inflow contributes a factor of 1/T to the response, converting it from 1/(2T 2 ) to 1/(2T 3 ). Whereas the 1/(2T 2 ) relation would lower the maximum of the dye curve and broaden it, the 1/(2T 3 ) relation tends merely to shift the curve laterally. This shift in fact was the observed experimental result. The 1/(2T 3 ) relation is more sharply peaked and has an action similar to that of a delayed "delta function." response should be expressible in terms of the individual responses of the two systems. Thus, if Vi is the volume of system 1 and V 2 that of system 2 and Fi and F 2 are the respective response functions, the overall response (in terms of the fraction T of system 1 displaced) is (1) We have noted that experimental results iu our sniall tubes deviate significantly from theory (figs. 2 aud 3). These deviations are probably caused by experimental artifact. However, in actual catheters many disturbing effects maj' occur. In the smaller tubes particularly, the tumbling of erythrocytes can As recently emphasized by Gonzalez-Fernandez, 7 We recall from the earlier study 1 of two flow systems iu series that if a bolus of label is injected into the series system, the
where a = Va/Vj.. Of course in a case such as the present one, where mean flux was observed at the outflow, the relation would require modification which would weight the outflowing dye in proportion to flow velocity. In the case of the ideal response, the 1/(2T 2 ) relation was thus weighted by dividing by T, thus converting it to 1/(2T 3 ). In the random walk modification, the corresponding relation is
The data chosen for the shifted random walk response of the tube were taken from the curve of figure 2. The curve rises rather rapidly in the region T = 0.5, proceeds through a smooth maximum, and descends again more slowly toward the T axis. By means of the digital computer, a shifted random walk fit was successfully performed yielding a randomizing constant of 2.74. The curve of best fit was shifted horizontally 0.48 T units to the right. These values were used for the Circulation Rettareh. Volumo XI, September 19St FLOW OF BLOOD I N TTTBES 44$ parameters of EW 2 in equation 2, and it was also postulated that RW 2 was equal to 0 for T < 0.48. As in the previous study, the undistorted dye curve was taken to be a random walk relation with K = 0.29. The theoretical response for this system using a 1/(2T 8 ) relation is shown as curve B in figure 4 of the previous paper. 1 The result of the new numerical integration yielded essentially the same curve. Maximum deviations from the previous curve were less than 5 per cent at any point.
These considerations and the earlier ones would seem to apply satisfactorily if a rather broad, diffuse dye curve is being distorted by the sampling tube and if the large, random processes by which dye is dispersed in the labyrinth are tending to override the sampling distortion. Of course no claim should be made that the theoretical relation in this study could be safely applied in situations where fine detail was to be observed and where the volume of the sampled system and of the sampling tube became comparable.
In the case where only a fraction of the outflowing blood was obtained through a sampling tube, it would be preferable to obtain more experimental data. Nevertheless, the preliminary results suggest that a satisfactory prediction of the sampling effect is possible. Theory may be expressed in terms of the approximate T value for the side tube. Since the tube is 1/10 as large but conducts only 1/10 of the blood, its T values should be the same as those for a full-sized tube containing all of the outflowing blood. The similarity in the effects to those previously observed are therefore not surprising.
Summary
The transport of T 1824 by blood has been studied in glass bead columns and small cylindrical tubes. Technical improvements include a method for transilluminating blood in tubes of less than 1 mm. radius, permitting the observation of the outflowing dye spear. Curves of dye concentration in samples collected at the outflow are expressed in terms of T and F (T). These variables represent, respectively, the fraction of system volume displaced and the fraction of dye collected per unit r interval. Results for blood and for an aqueous perfusion medium were closely similar in both the tube and bead experiments. In the tube experiments fair agreement was obtained between theoretical and experimental curves, but data in the smaller tubes were more subject to turbulent disturbances Avhich could not always be precisely controlled.
